Abstract. The stress reduction behavior in metal-incorporated amorphous carbon films was investigated by the first-principle calculation. We calculated the total energy of the system with changes in bond angles between the incorporated metal (Ti, Mo, Cr, W, Ag, Au, Al, Si, etc) and the carbon atoms by using DMOL 3 computational software package. The four carbon atoms are arranged as a tetrahedron, with a carbon or metal atom at the center. The total energy increased substantially as the bond angle deviated from the equilibrium value when a carbon atom is located at the tetrahedron center. However, with a replacement by a metal atom at the center of the tetrahedron, the increase in the total energy due to the distortion in bond angle was significantly reduced. The pivotal action of the metal atoms dissolved in the carbon matrix would be more significant when noble metals having filled d-shells are incorporated compared to the transition metals having unfilled d-shells. These atoms have a weak and more isotropic bond with carbon atoms as confirmed by the electron density distribution.
Introduction
Amorphous carbon (a-C) films are of interest because their hardness, chemical inertness, optical transparency and bio-compatibilities give them many potential applications. However, the high residual compressive stress in a-C films results in the spontaneous delamination of the films from substrates or the substrate bending, which is a main obstacle to their applications. Incorporation of transition metals which form carbides, such as Ti, Mo, Cr, or W, in a-C films has been one of the most common strategies to reduce the residual stress of a-C films. [1] [2] [3] [4] [5] However, the mechanism of the reduction in residual stress by the metal incorporation is not yet fully understood. One of the difficulties is that the atomic bonding within the amorphous carbon matrix varies with metal incorporation. [3, 6] Recently, our research group reported that W-incorporated amorphous carbon films prepared by a hybrid process composed of ion-beam deposition and magnetron sputtering showed a drastic decrease in residual compressive stress by up to 50 % when a small amount of W atoms were fully dissolved in the amorphous carbon films. [7] This stress reduction did not accompany significant deterioration in the mechanical properties. In the present work, we investigated the effect of metal atoms incorporated in amorphous carbon matrix when a small amount of metal atoms are dissolved in a-C structure by the first-principle calculation. We calculated the total energy of the system with changes in bond angles between the incorporated metal and the carbon atoms. The focus of this investigation was to elucidate the dependency of total energy of the system on the bond angle and the electron density distribution and its effects on the stress reduction behavior of a-C films.
Calculation methods
To understand the mechanism of the stress reduction caused by the metal incorporation in the amorphous carbon matrix, we performed first-principles calculations on the total energy of the system with changes in bond angle between the incorporated metal and carbon atoms. The DMOL 3 computational software package was employed. [8] All calculations were carried out using the density functional theory within a generalized gradient approximation (GGA) for the exchange-correlation potential, specifically that of Perdew, Burke, and Ernzerhof (PBE). [9] The wave functions of atomic orbitals were expanded using a double-zeta polarization basis set with the cutoff radius of atomic orbitals of 9 Å to guarantee the convergence. All electrons were treated and spin was also considered.
To simplify the model, only sp 3 bonding was taken into account, which is a predominant bond characteristics in a-C structure. In fact, the distortion of the bond angle in sp 3 bonding has been known as a primary cause of the residual stress in a-C films. [10] A schematic drawing of the system used in our calculations is shown in figure 1 . The four carbon atoms are arranged as a tetrahedron, with a carbon or metal atom located at the center. Unbound carbon electrons were passivated by hydrogen atoms. The incorporated metal atoms are transition metals such as Ti, Mo, Cr, W and noble metals such as Ag and Au. Al and Si were also tested for comparison. From the fully relaxed structure (figure 1 (a)) which was chosen as a reference, only the C(Me)-C bond angle is modified to generate the strained structure ( figure 1 (b) ). Three of the C(Me)-C bond angles were distorted from the equilibrium angle of tetrahedral bond (109.5°) over the range of 90~130° and the C(Me)-C distance was relaxed for a given distorted angle. The total energy change of each structure having different central atoms was calculated. Figure 2 shows the total energy change by the bond angle distortion of the Me-C tetrahedron from the reference state of 109.5 o to 90 o as a function of the atomic species and the number of the valence electrons of the incorporated metal atoms. In the absence of a metal atom, the total energy increased drastically as the bond angle deviated from the equilibrium value of the tetrahedral bond. However, with a metal atom located at the center of the tetrahedron, the increase in the total energy due to the distortion in bond angle was significantly reduced. As the changes in bond angle from the relaxed structure becomes larger in either positive or negative direction, the total energy increased. At the bond angle of 130 o , essentially the same tendency was observed as in the case of 90 o bond angle. In general, metal atoms having a filled d-shell (underlined atom in figure 2 ) show lower energy increases by the bond angle distortion relative to those having an unfilled d-shell. But among the transition metals having unfilled d-shells, Mn, Co and Ni showed very low energy change comparable to those having a filled d-shell. The energy change in Al-C case shows a similar behavior as noble metals having filled d-shells. It corresponds to the experimental results by Zhang et al. [2] reporting a more pronounced stress reduction behavior in Al-incorporated a-C films than those incorporated with Ti and Si when a small amount of metal was incorporated.
Results and discussion
In case of metal atoms such as Pd, Cd and Ni, the energy change by the bond angle distortion is slightly negative implying that the tetrahedral angle of 109.5 o is a local minimum or the position of the metal in the tetrahedron hardly affects the total energy change. Figure 3 shows the formation energy of the Me-C tetrahedron, ∆E This stress reduction behavior is supposed to be related with the strength and the directionality of bonding and it was confirmed by the electron density distribution. Figures 4(a)~(d) show the isosurface of electron density (number of electrons/Å 3 ) right before it is separated. The inset values in the figures are the electron density right before its isosurface is separated (ρ e s ). For the C-C bond in figure 4(a) , the highest ρ e s and the most angular shape of the isosurface imply the characteristics of high strength and high directionality of its covalent bonding. It induces the high energy increase by the bond angle distortion. On the contrary, by replacing with other metal atoms, the ρ e s decreases significantly and the shape of the isosurface becomes more isotropic, especially for the Au-C bond as shown in figure 4(d) . Figure 4(e) shows the values of ρ e s as a function of the number of the valence electrons in the metal atoms. It is noted, in general, that the lower the ρ e s value and the shape anisotropy of the isosurface are, the lower the increase in the total energy by the angle distortion is. This result suggests that metal atoms in an amorphous carbon matrix play the role of a pivotal site, where a distortion of the atomic bond angles can occur without inducing a significant increase in the strain energy. It is also pointed out that the isosurface of electron density right before it is separated in case of an Al-C tetrahedron (not shown) is almost identical with that of Au-C in its shape anisotropy and the ρ e s value of Al-C is the same as that of Au-C, which is in agreement with its low energy increase by the bond angle distortion. In this calculation, only a single tetrahedron structure was considered so that the strain energy term induced by larger atom incorporation was not considered. However, the deposition of a-C film is a kinetic process in that larger metal atoms are deposited simultaneously with carbon atoms. Therefore, a substantial amount of strain energy caused by the larger atom incorporation can be released along the normal direction to the film surface. In fact, the dimension along the surface normal in Si-incorporated a-C film was observed to be larger than that in pure a-C film when the same number of atoms was deposited in molecular dynamic simulation, where a significant stress reduction was observed. [11] In addition, the role of electrons in a d-shell of the incorporated metal atoms on the stress reduction in a-C structure needs further investigation.
Summary
The stress reduction behavior in metal-incorporated amorphous carbon films was investigated by the first-principle calculation. Present calculations evidently show that the metal incorporation reduces the directionality of the bond, which results in the reduction of the residual stress caused by bond angle distortion in amorphous carbon network. The pivotal action of the metal atoms dissolved in the carbon 
